ABSTRACT We study the effect of close-proximity in the estimation of the Direction-of-Arrival (DoA) using a monopulse antenna array system, with application to angle-sensitive proximity WiFi readers. It is shown that in this scenario, it is necessary to consider near-field radiative effects to make an accurate angular estimation at short distances between the mobile terminal and the DoA proximity sensor. As a result, we define a range-dependent angular monopulse function, which provides a better DoA estimation in a Field of View of 60 • and for distances ranging from 3 m to 50 cm.
I. INTRODUCTION
Proximity sensing of wireless mobile devices is a chief feature for many proximity-based services in the context of the Internet of Things (IoT) in Smart Cities. Among these applications, we can mention proximity-aware activation in smart buildings (such as interactive spaces) [1] , machine-tomachine close-physical interaction without human intervention [2] , and microlocation at indoor spaces [3] . Although BLE (Bluetooth Low Energy) has been considered as a promising wireless standard for such proximity-based applications due to its low-power, low-cost, low-connectivity range characteristics [4] , [5] , more recently the WiFi Alliance has defined a new low-power discovery over WiFi standard for proximity applications: the Neighbor Awareness Network also known as WiFi Aware [6] - [8] .
Here proximity refers to the relative distance to an object (the sensor), and this should not be confused with indoor location which stands for the absolute position within a given environment. The sensor may be attached to moving objects, and the proximity information may trigger an event depending on the nearness, allowing seamless interaction between a user and the object. In this context, measuring not only the relative distance (ranging) but also the relative direc-
The associate editor coordinating the review of this manuscript and approving it for publication was Liangtian Wan. tion (angulation), provides richer information for proximitybased contextual services and machine-to-machine physical interaction.
Low-cost proximity ranging estimation with WiFi signals is typically performed from the RSSI (Received Signal Strength Indicator) which can be acquired from WiFi radios, and using indoor propagation models to relate the received power of RF signals to the relative distance between the transmitter and the receiver [9] , [10] . ToF (Time-of-flight) based ranging methods [11] are more accurate but at a higher cost due to the need of synchronization (since the estimated distance results from the product of the packet propagation time and the speed of light)
On the other hand, relative angular estimation (also known as DoA, Direction of Arrival) between WiFi devices can be performed using two main signal-processing techniques: phase-based or power-based. As in ranging techniques, more accurate phase-based DoA techniques rely on more complex hardware and signal processing (involving IQ data and synchronization [12] ), than power-based DoA techniques which can be applied directly to RSS data [13] . In any case, DoA estimation requires some type of smart antenna array which is capable to measure the inter-element phase or the relative power at different spatial directions [14] , [15] .
One type of antenna array especially suited for low-cost RSSI-based DoA estimation is the monopulse array, which was originally applied for long-range RADAR systems [16] . It is basically formed by an array of two antennas producing two directive tilted reference radiation patterns (sketched in Fig.1 ), which are combined using a monopulse network to derive a sum ( ) and a difference pattern ( ). From the relative power levels of these two input channels ( / ), the DoA can be estimated with high angular resolution in a given Field of View (FoV). Narrower beams provide higher angular resolution but reduced FoV [16] .
More recently, the monopulse array concept has been applied for DoA estimation in low-cost Wireless Networks and IoT-related applications, such as 900 MHz band RFID [17] - [20] and 2.45 GHz band WLANs [21] - [24] . In all these cases, the monopulse system provides angular information which cannot be obtained with single-element antennas, and which can be used to add sense of motion and directional information to the conventional proximity reader. Due to its simplicity, the monopulse system is also used in many educational laboratories to teach antenna systems, microwave engineering and signal processing [25] - [29] .
In any case, the monopulse-array DoA sensor uses the farfield radiation patterns to characterize the monopulse angular function / , which univocally associates the relative RSS levels to a DoA within the FoV. Still, the far-field assumption might not be accurate for proximity angular sensors, and this could lead to inaccurate DoA estimation. In this work we analyze the near-field effects for a practical monopulse-array sensor designed for WiFi devices in the 2.45 GHz band [24] . Section II describes the theoretical background, showing the near-field effects which appear for distances below 3 meters, and their implications in the monopulse-array technique for DoA estimation. In Section III, a range-dependent near-field monopulse function is defined, which takes into account these effects and provide more accurate DoA predictions at short distances. Finally, Section IV reports experimental validation.
II. THEORETICAL BACKGROUND
A monopulse array synthesizes two partially-overlapped tilted directive radiation patterns, so that any incoming RF signal will create two independent power measurements and , whose relative levels can be univocally related to the angle of DoA. As an example, Fig.1 plots the theoretical radiated-field intensity at 2.45 GHz in the region surrounding the monopulse reader proposed in [24] . It is formed by two commercial WiFi panel antennas (with size 20cm × 20cm, 14 dBi peak gain and 30 • HPBW -Half Power Beam Width- [30] ) which are tilted ±7 • to create the desired partial overlapping.
The fields radiated by antenna 1 (tilt +7 • ) are plotted with blue contours in Fig.1 , while the fields of antenna 2 (tilt −7 • ) are plotted with red contours. As it can be seen, the fields radiated by each individual antenna create two well-defined directive beams tilted at ±7 • to create the desired partial overlapping. It must be remarked that the radiation patterns considered for the design of monopulse systems are usually defined in the far-field regime [16] . It is well-known from antenna theory, that the zone surrounding any antenna can be divided in three distinct regions called the Rayleigh or reactive near-field region (with dominant reactive components of electromagnetic fields), the Fresnel or radiative near-field region (where radiated near fields are dominant but the farfield pattern is not formed yet), and the Fraunhofer or far-field region (where the radiation pattern has a stable angular shape which does not depend on radial distance) [31] . These three zones are delimited by the following expressions:
where S stands for the maximum size of the antenna array and λ is the wavelength. In our case with S = 45 cm and λ = 12.24 cm we obtain a far-field limit of 3.3 m and a near-field limit of 53 cm. Therefore, for proximity sensing applications our monopulse array will operate in the Fresnel zone for distances below 3 meters. As it can be seen in the simulated angular patterns plotted in Fig.2 , effectively the directive beams of the monopulse array show a stable angular shape for distances above 3 meters. However, as we get in closer proximity to the antenna array, the beams start to distort from their far-field forms. To quantify this effect, the theoretical angle of maximum field intensity is plotted against distance in Fig. 3 , showing that only in the Fraunhofer region (r > 3.3 m) the beams pointing angle becomes independent on the distance and equal to the designed tilted angle of 7 • using far-field theory. In the Fresnel region, the radiated beams direction squints to higher angles, reaching values above 15 • in the 50 cm to 1 m range. Obviously, these near-field beam distortions will impact the monopulse system performance if they are not considered. To evaluate the theoretical effects, the monopulse function (defined as the ratio between the difference and the sum patterns as a function of angle θ), can be analyzed as a function of the radial distance r:
Theoretical spatial distributions of the monopulse sum and difference fields in a region close to the monopulse array are plotted in Fig.4 . The angular cuts at different radial distances r are shown in Fig.5 , where the patterns have been normalized to better compare the relative distortion of their angular shapes as we get in closer proximity to the antenna array.
Effectively, the monopulse patterns become stable only for distances larger than 2 meters. At one-meter distance, the sum pattern starts broadening and the two lobes of the difference pattern start to separate. At 50 cm, the distortion is more pronounced, and the lobe shows a dip at the perpendicular direction (θ = 0 • ), while the lobes continue splitting away to further directions. At 25 cm, the individual beams totally split away and they do practically not overlap (see Fig.2 ), and this translates into almost undistinguishable and patterns but in a narrow angular region around the perpendicular direction.
The resulting angular monopulse function (3) for different radial distances r is plotted in the slope of the monopulse function becomes very steep as a consequence of the aforementioned almost total splitting (and no overlapping) of the two individual tilted beams.
The behavior of the monopulse function with the distance is evidenced when the equi-monopulse contour curves are plotted in 2D around the monopulse array, as shown in Fig.7 . The FoV zone where the monopulse function presents no ambiguity is enclosed by the red dashed line, showing the aforementioned spatial compression in the close vicinity of the array. Once this near-field electromagnetic behavior has been electromagnetically studied, in the next section we evaluate the practical effects in the estimation of the DoA using the amplitude monopulse technique.
III. DoA ESTIMATION USING DISTANCE-DEPENDENT MONOPULSE FUNCTIONS
Once the RSSI or received power is acquired for both and channels of the monopulse array, the DoA is estimated as:
where m and m are the power levels measured at the sum and difference channels. As it can be seen, Eq. (4) depends on the distance r selected to estimate the DoA, since the monopulse function has proved to be dependent on distance in the near-field range. Typical monopulse systems operate in the far-field region and therefore a unique monopulse function can be used to estimate the DoA, independently on the radial distance. This is not true for the case of proximity sensors, as it is illustrated in Fig.8a where the DoA is estimated at different distances r and using the monopulse function characterized for a far-field distance of r = 3m. The corresponding estimation error is plotted in Fig.8b . As shown in Fig.8 , the theoretic DoA estimation is perfect and the error is null when the target is located at r = 3m, which coincides with the distance used to characterize the monopulse function. However, as the target gets closer to the monopulse array, the DoA estimated using the far-field monopulse function is less accurate, showing an angular error of ±5 • for r = 1 m, which increases to ±7 • for r = 50 cm, and up to ±10 • for r = 25 cm. Therefore, it is proved that the far-field patterns cannot provide accurate monopulse DoA estimation in the near-field range.
In Fig.9 , a similar DoA estimation test is performed but now using the monopulse function characterized at a nearfield distance of r = 50 cm. Now, the estimation error is zero when the target moves in this calibration near-field distance of 50 cm. The DoA estimation becomes more inaccurate as the target moves to further distances into the far-field zone. A maximum DoA estimation error of ±7 • is observed at a far distance of r = 3 m, when using the near-field monopulse function characterized at the distance of r = 50 cm. Besides, it must also be remarked that in the near-field zone, the FoV is compressed to ±15 • (see Fig.6 ), so that the DoA estimation error strongly increases out from this limited angular zone, as shown in Fig.9 . These results demonstrate that, for accurate DoA estimation using the monopulse technique in the nearfield zone, it is needed a range-dependent monopulse function (3) which takes into account the fluctuations observed in the monopulse patterns as a function of distance. In Fig.10 , we propose a distance-dependent monopulse DoA estimation algorithm. First, the distance r between the proximity sensor and the mobile device is estimated from the RSSI acquired at the sum channel m , and using RSSI-based ranging techniques [9] , [10] . If the mobile is located in the farfield zone r > d FARFIELD given by (2), the conventional farfield monopulse function which is not dependent on distance can be applied to estimate the DoA. However, if the mobile is in the near-field range, the more satisfactory near-field monopulse function (θ, r) (3) must be applied to accurately estimate the DoA at the calculated distance r.
Another scenario where the near-field monopulse function must be used is the one in which the perpendicular distance between the proximity sensor and the mobile is fixed and previously known. This happens in corridor-like, conveyor belt and security gates scenarios, when the sensor is ceilingmounted at a given height, or when the sensor is mounted on a wall at a security distance from the corridor, as shown in Fig.11 . In these cases, the distance H is fixed and known a priori, and the mobile moves only in one direction x. As the mobile moves along different positions x, the distancer and the DoA angle θ are geometrically related as:
Therefore, in these cases it is practical to define a near-field monopulse function which depends on x for any value of H , and which allows to estimate the relative Cartesian shift x:
This is shown in Fig.12 for different distances H . It must be noticed that these near-field monopulse functions are calculated taking into account that, for each longitudinal position x, not only the subtending angle θ varies, but also the radial distance r changes according to (5) . As shown in Fig.12 , lower values of H shorten the longitudinal zone which can be sensed, referred to as the longitudinal FoV (LFoV) in cm. The LFoV in the x direction reduces from 2 meters for H = 2 m, to LFoV = 90 cm for H = 1 m, and to LFoV = 40 cm for H = 50 cm. These results are in accordance with the 2D monopulse FoV plots previously showed in Fig.7 .
On the other hand, higher spatial resolution is obtained for lower distances H , as it can be seen from the steep slope of the monopulse function (x) for H = 50 cm in Fig.12 . In any case, the near-field monopulse functions take into account the near-field effects for an accurate angular position estimation. In the following Section, we experimentally corroborate these theoretical results using a practical WiFi monopulse sensor operating in the near-field zone. 
IV. EXPERIMENTAL VALIDATION
A practical monopulse array for WiFi DoA estimation designed in [24] , is characterized in the near-field zone. The antenna array has a maximum dimension S = 45 cm -depicted in Fig.13 -and operates in the WiFi 2.45 GHz band. Therefore, all previous theoretical results apply, and the near-field radiation range is limited between 50 cm and 3.3 m.
The monopulse system is tested in an anechoic chamber. A WiFi Access Point (AP) is configured to continuously send WiFi beacon frames, every 100 msec. and with 0 dBm power using channel 6 (2.437 GHz). In this way, we ensure a reference transmitter with constant emitted power and permanent traffic. The monopulse antenna is connected to a WiFi MiMo card which sniffs WiFi frames as explained in [24] . The RSSI levels of WiFi frames received at the sum and difference monopulse channels, are measured as a function of angle for different radial distances (r = 3 m, 2 m, 1 m, 50 cm and 25 cm). As shown in Fig.14 , the measured RSSI angular patterns are in good agreement with the theoretical radiation patterns (Fig.5) , demonstrating the expected near field distortion. As we get in close proximity to the array, the and patterns broaden, and eventually a dip is created in the perpendicular direction (θ = 0 • ) of the sum pattern .
The corresponding digital (WiFi RSSI-based) monopulse functions as a function of radial distance r, are plotted in Fig.15 . Again, good agreement is found between experiments and theory. As expected, the monopulse function is not stable with distance due to the near-field effects, showing a steeper angular slope and a narrower FoV as we approximate to the antenna array, in accordance with the theoretical plots in Fig.6 .
Using these near-field monopulse functions (θ, r), the DoA can be estimated for different distances. To avoid multipath effects, the first DoA estimation experiments are performed inside the anechoic chamber. Fig.16 shows the measured DoA estimation error using the far-field monopulse function (the one in Fig.15 for r = 3 m) , while approaching the antenna array. The dots in Fig.16 represents different error measurements at distinct angular positions inside the anechoic chamber, while the average error is plotted with a solid line. The RMSE (root mean square error) of the DoA estimation for each distance in Fig.16 is summarized in the first row of Table 1 . It must be noticed that the WiFi monopulse reader reports an angular uncertainty of ±2.5 • due to digital quantization of RSSI digital levels [24] . This creates a systematic error which limits the resolution to this ±2.5 • value as shown in Fig.16 for a measuring distance r = 3 m, and corresponding to a RMSE of only 0.7 • . Then, the estimation error increases as we get in closer proximity to the array due to the near-field effects. Experiments are in good concordance with theoretical results shown in Fig.8 . For r = 1 m, the angular peak error augments in a extent of 3 • thus creating an accumulated peak error of ±5 • (RMSE 2 • ), which increases to ±7 • for r = 50 cm, and up to ±11 • for r = 25 cm (RMSE 6 • ).
If we use the near-field monopulse function for r = 50 cm, the DoA estimation errors are plotted in Fig.17 at different distances. The RMSE for these experiments are summarized in the fourth row of Table 1 . As expected, the minimum error (RMSE 1.4 • ) is obtained when the mobile device is located at this nearby distance of 50 cm. In accordance with the VOLUME 7, 2019 FIGURE 16. Measured DoA estimation error for different radial distances, using the monopulse function characterized at r = 3 m. theoretical plots in Fig.9 , this error increases as we move away from the array. A maximum RMSE of 3.6 • is now observed for the further distance of r = 3 m due to the near-to-far field aberration effects. In the closest distance of r = 25 cm, the estimated DoA presents a RMSE of 3.4 • . It must be noticed that this error at 25 cm using the near-field monopulse function for r = 50 cm, is lower than the one of 6.0 • reported when using the far-field monopulse function with r = 3 m.
Also, it must be noticed that the mean error curves plotted with lines in Fig.16 and 17 , follow the predicted dependence with the angle of observation for all the performed tests (see theoretical plots in Fig.8b and Fig.9b, respectively) . Basically, the mean error is null at boresight direction (DoA 0 • ), and increases for higher angular directions. In any case, the best DoA estimation performance for any distance r in the entire FoV, is obtained when the adequate monopulse function is used, as highlighted in green color in Table 1 .
To mitigate the DoA estimation inaccuracies due to nearfield effects, we implement the range-dependent monopulse estimation algorithm sketched in Fig.10 . The acquired RSSI level at the sum pattern , for different measuring distances and angles is shown in Fig.18 . Also, the curve obtained from a simple spherical-wave propagation model is plotted for reference. From the measured RSSI level and using the average curve plotted in red, the radial distance r can be anticipated to use the appropriate monopulse function (θ , r).
The result of this range-dependent DoA estimation is plotted in Fig.19 . The obtained RMSE values correspond to the data highlighted in green in the diagonal of Table 1 . Now, for any distance ranging from 3 m to 25 cm, all the individual experiments show an RMSE below 1.5 • at any direction within the FoV. The averaged DoA estimation error plotted in Fig.19 is null at any distance when using the appropriate monopulse function. As explained in [24] , the RSSI levels are discretized in 1-dBm steps, and this creates oscillations of ±2.5 • in the DoA estimation around this null average error.
If the near-field effects are not considered and it is used the conventional monopulse function for far-field angular estimation (as done in long-range RADARs [16] ), the average angular error plotted in Fig.16 can increase up to 11 • at short distances, with corresponding RMSE growing up to 6 • as summarized in Table 1 .
Once it has been demonstrated in an anechoic chamber the necessity to consider the near-field effects to estimate the DoA for short distances, a practical outdoor scenario as the one shown in Fig.20 is tested. As it was sketched in Fig.11a , security-gate proximity sensors can be ceiling-mounted at a given height H . In our case we have located the proximity angular sensor on a security shelf, at a short height H from the mobile WiFi devices to be sensed. The near-field longitudinal monopulse function (x,H) (6) characterized in the anechoic chamber at three different distances H = 2 m, 1 m and 50 cm are plotted in Fig.21 . As expected from theory (see Fig.12,) , the longitudinal FoV (LFoV) narrows and the spatial resolution (slope) increases as the height H is shortened. These functions are used to estimate the position of three different WiFi devices: the same AP used in the anechoic chamber (see Fig.13 ), and two smartphones as illustrated in Fig.20 .
The WiFi packets transmitted by the mobile devices are collected by the WiFi monopulse reader, which compares the measured sum and difference RSSI values ( m and m ), with the near-field monopulse function (x,H) to estimate the x position:
In a first experiment, the WiFi monopulse reader is mounted at a height H = 50 cm above the floor, so that a LFoV of ±25 cm can be sensed. The three mobile devices (access point, smartphone 1 and smartphone 2) are located at different x positions within this LFoV. Fig. 22 shows the estimation error in cm for the three WiFi mobile devices under test, and using monopulse functions characterized at different heights. Table 2 summarizes the RMSE in the location estimation. Accurate proximity location with peak errors below ±6 cm in the entire 50 cm LFoV and a with a RMSE value below 4 cm, is obtained for the three devices when the appropriate near-field monopulse function (x, H = 50 cm) is used. However, if we use the monopulse function characterized for H = 1 m the peak errors increase up to ±25 cm (RMSE 18.5 cm), and up to ±70 cm (RMSE 57 cm) when using the monopulse for H = 2 m.
The experiment is repeated for a higher distance H = 1m, reporting the results in Fig.23 in an extended LFoV of ±55 cm in the x direction. Now, the most accurate position estimations are obtained when the correct near-field monopulse function (x, H = 1 m) is chosen, showing a maximum peak error of ±15 cm (RMSE below 6.8 cm) for any of the three studied WiFi devices. As expected, the minimum error has increased for this higher H when compared VOLUME 7, 2019 FIGURE 22. Position estimation error for the set-up in Fig.20 with H = 50cm. to the case H = 50 cm, due to the lower resolution of (x, H) -lower slopes in Fig.21 -as H rises. This error growths if the correct monopulse function is not selected, as it can be seen in Fig.23 for the cases (x, H = 2 m) and (x, H = 50 cm), which report higher location errors of ±65 cm (RMSE 38.1 cm) and ±35 cm (RMSE 19.9 cm), respectively. In all cases, the estimation errors in Figs. 22 and 23 are higher for locations away from the perpendicular direction of the sensor, following the tendency shown for the DoA estimation error in Figs. 16 and 17 .
Therefore, it has been proved that the studied angularsensitive monopulse sensor can provide accurate directional proximity estimation if the appropriate near-field monopulse functions are considered. The system is able to estimate the actual location within a root mean square error below 4 cm in the entire LFoV of 50 cm for a near-field height of H = 50 cm, and with an RMSE below 7 cm for H = 1 m, and for any of the three WiFi devices as highlighted in green in Table 2 . Far-field assumptions are not valid at these close distances, leading to high DoA estimation errors and thus considerable proximity location inaccuracies.
For the authors' knowledge, it is the first time that the amplitude-monopulse angular estimation technique is applied for near-field angular-sensitive proximity detection. As summarized in Table 3 , the near-field region of many of the monopulse systems proposed in recent designs for RFID/ WLANs systems, extends to a remarkable range of distances where these near-field effects cannot be ignored. The extension of the near-field zone is enlarged as the antenna size is greater, as happens for directive-beamed arrays which provide high DoA resolution as the one studied in this paper. As done in near-field RFID antennas [32] , [33] , it is important to consider the near-field effects to predict the actual digital reading performance of directive proximity sensors.
V. CONCLUSION
The estimation of the direction of arrival (DoA) using monopulse techniques, has been studied for the case of proximity angular sensors. The amplitude monopulse technique offers simplicity to estimate the DoA with good angular resolution, using RSSI information which is directly available using commodity hardware and a low-cost array of two directive antennas. However, monopulse systems have been typically used in the far-field zone of the antenna array (for instance in long-range monopulse RADAR systems), where the monopulse function is stable with distance. As demonstrated in this paper, this is not the case for monopulse sensors used in proximity-aware applications for Smart Spaces, where the IoT / smartphones mobile devices can be in the near-field zone of the monopulse array.
The near-field effects in the proximity of a practical anglesensitive proximity WiFi monopulse array operating in the 2.45 GHz band have been evaluated. The experimental results are consistent with electromagnetic theory, showing that farfield sum and difference patterns distort in the proximity of the sensor, making the monopulse functions strongly dependent on the radial distance. It has been shown that high DoA estimation errors of more than 10 • appear close to the sensor, if the conventional far-field monopulse function is used when sensing in the near-field radiative zone (which in our case extends from 50 cm to 3 meters from the array). Thus we have proposed the use of a range-dependent near-field monopulse function (θ,r) which takes into account the near-field range effects, and estimates the DoA with higher accuracy.
Similarly, the monopulse function can be defined in Cartersian near-field coordinates, i.e. (x,H ), to estimate the proximity position x with good accuracy in the immediacy of the monopulse array. For that, the perpendicular distance H must be fixed and known, as happens in security gates. These concepts have been experimentally demonstrated with a practical angle-sensitive proximity WiFi sensor, proving the mitigation of the near-field aberration effects to estimate with accuracy the direction and contiguity location of mobile devices at close distances from the monopulse array.
The proposed technique has proved a DoA estimation root mean square error below 1.5 • in a FoV of 60 • , and for a range of distances from 50 cm to 3 meters of the sensor. This translates to a root mean square error below 4 cm over a linear FoV of 50 cm, when locating real WiFi devices from a height of H = 50 cm. The location RMSE increases to 7 cm when covering a wider linear FoV of 110 cm from a height of H = 1 m. Although the results of this paper have been applied for a particular WiFi monopulse proximity sensor, the reported considerations are valid for any monopulse system operating in the near-field zone, and using any alternative wireless technology such as Bluetooth, Zigbee or RFID. 
